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Abstract 
 
THE SALIENCE AND PERCEPTUAL WEIGHT OF SECONDARY ACOUSTIC CUES FOR 
FRICATIVE IDENTIFICATION IN NORMAL HEARING ADULTS 
by 
Derek Petti 
 
Advisor: Brett A. Martin, Ph.D. 
 
The primary cue used by normal hearing individuals for identification of the fricatives /s/ 
and /ʃ/ is the most prominent spectrum of frication, which is discrete for this fricative contrast. 
Secondary cues that influence the identification and discrimination of these fricatives are context 
dependent.  Specifically, the secondary cues that have been found to most significantly impact 
fricative perception include (a) the second formant transition onset and offset frequencies of a 
fricative-vowel pair, and (b) the amplitude of the spectral peak in the 2500Hz region of frication 
relative to an adjacent vowel’s peak amplitude in the same frequency region. However, the 
perceptual weight placed on each of these secondary cues remains unclear.  Some research 
suggests that normal hearing individuals place equal weight on these secondary cues, while 
others posit that individuals have different cue preferences.  In addition, salience of these 
secondary cues, which is dependent upon encoding of audibility, has yet to be assessed 
objectively in previous studies.  The current study assessed the perceptual weight of these two 
secondary acoustic cues for the place of articulation fricative contrast /s/ vs. /ʃ/ while also 
objectively indexing the salience of each cue in normal hearing adults by utilizing a behavioral 
trading relations paradigm and an electrophysiological measure of acoustic change, respectively.  
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Normal hearing adults were found to rely more heavily on the relative amplitude comparison cue 
relative to the formant frequency transition cue.  Electrophysiological responses to secondary 
cues suggested that, for the most part, salience is driving the amplitude cue dominance. 
 
Keywords: fricative, secondary cues, acoustic change complex, trading relations, event-related 
potential, acoustic salience, perceptual weight, spectral prominence, evoked potential.
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Introduction 
Fricative Perception 
 There are multiple cues for identification of fricatives.  The primary cue for identification 
of the fricatives /s/ and /ʃ/ is the spectrum of frication (Hedrick & Ohde, 1993; Hedrick & 
Younger, 2003; Heinz & Stevens, 1961; Hughes & Halle, 1956; Whalen, 1991; Zeng & Turner, 
1990).  The spectrum for the American English /s/ has an average primary spectral peak between 
4 – 8 kHz, while the /ʃ/ phoneme is lower in primary spectral energy, ranging from about 2 – 4 
kHz (Jassem, 1965). 
 In addition to this primary cue, there are other secondary cues that have been found to 
affect fricative perception. Unlike the primary cue, where the frequency spectrum within the 
fricative alone is responsible for signaling the identification of that fricative, these secondary 
features allow for the identification of a fricative based on context, or co-articulation, cues.  
These cues are considered secondary because they do not significantly influence recognition of 
fricatives when the primary cue is audible and of sufficiently long duration (Whalen, 1991).  
However, when the primary cue is ambiguous or obscured - as a result of co-articulation or high 
frequency hearing loss, for example – then secondary cues become essential for identifying these 
fricatives.   
The first of two relevant secondary cues for fricative identification is the discrete onset 
and offset frequencies of second formant (F2) transitions that occur within vowels directly 
adjacent to fricatives in connected speech (Heinz & Stevens, 1961).  This F2 transition cue 
occurs as a result of anticipatory or residual articulator movement for the production of the 
vowel immediately following or preceding the production of a fricative. Given that /s/ and /ʃ/ 
have alveolar and pre-palatal places of articulation, respectively, anticipatory or residual 
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articulator movements will vary, resulting in separate F2 transition onset and offset frequencies 
for each of these fricatives.  Based on natural productions, Hedrick & Ohde (1993) determined 
that the F2 frequency of the steady-state vowel for the consonant-vowel (CV) syllable /sɑ/ begins 
around 1200Hz and ends with an offset transition frequency of approximately 1220Hz within the 
vowel prior to onset of the fricative. For the /ʃɑ/ syllable, the F2 frequency was found to begin 
around 1800Hz and transition to around 1220Hz within the steady-state vowel prior to onset of 
frication.  A study of the categorical perception of this F2 transition was found to significantly 
impact the perception of the distinction between /s/ and /ʃ/ when paired with the /ɑ/ vowel 
(Hedrick & Younger, 2003).  
This F2 transition cue for identification of fricatives is considered secondary (Hedrick & 
Younger, 2003; Heinz & Stevens, 1961; Mann & Repp, 1980; Zeng & Turner, 1990) or even 
alternative (Nittrouer, 1992; Nittrouer & Studdert-Kennedy, 1987; Whalen, 1991) in the case of 
children (Nittrouer & Studdert-Kennedy, 1987) and listeners with hearing impairment (Hedrick 
& Younger, 2003; Zeng & Turner, 1990). The weighting and utility of the F2 transition cue for 
the purpose of fricative identification, however, is controversial.  Pittman & Stelmachowicz 
(2000) suggested that both normal hearing and hearing impaired adults were able to utilize both 
fricative spectrum and F2 transition cues for fricative identification, while Zeng & Turner (1990) 
and Hedrick & Younger (2003) found that hearing impaired adults were less able to use the 
transition cue relative to their normal hearing peers.   
In addition to the F2 transition cue, another secondary cue for fricative identification 
called spectral prominence is described as a relative amplitude difference between the level of 
frication and the level of an adjacent vowel peak in the third formant (F3) region of neighboring 
phonemes in a CV or VC syllable, where the consonant is a fricative (Hedrick, 1997; Hedrick & 
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Ohde, 1993; Hedrick & Younger, 2003; Heinz & Stevens, 1961; Stevens, 1985).  For /sɑ/, the 
frication spectral peak is approximately 17dB less intense than the vowel spectral peak in the F3 
region (i.e., around 2500Hz) of each phoneme (Hedrick & Younger, 2003).   In contrast, the 
frication spectral peak for /ʃɑ/ is about 16dB more intense than the vowel spectral peak in the F3 
region (i.e., around 2500Hz) of each phoneme (Hedrick & Younger, 2003). Normal hearing 
listeners have been found to use this cue in combination with F2 transitions to identify and 
discriminate fricatives varying based on place of articulation.  However, some hearing impaired 
listeners have been found to depend almost exclusively on spectral prominence when identifying 
/s/ and /ʃ/ in context (Hedrick, 1997).   
Previous research has often utilized synthetic consonant-vowel (CV) (i.e., fricative-
vowel) syllables created with F2 formant transitions and F3 spectral prominence extracted from 
natural productions (Hedrick, 1997; Hedrick & Ohde, 1993; Hedrick & Younger, 2003).  Due to 
constraints imposed by the introduction of an electrophysiological measure in the current study, 
the use of vowel-consonant (VC) (i.e. vowel-fricative) syllable synthetic stimuli is preferred. To 
confirm that similar onset and offset frequencies for F2 transition exist for CV vs. VC stimuli, 
multiple tokens of naturally produced VC syllables were acquired and analyzed from a male 
speaker.  The results of this analysis can be seen in Figures 1 and 2.  The onset F2 frequency for 
the vowel-consonant (VC) syllable /ɑs/ was found to begin at an average of 1260Hz and end 
with a transition offset frequency of 1250Hz across all three tokens shown. For the /ɑʃ/ syllable, 
the onset F2 frequency is an average of 1211Hz and transitions to an average of 1709Hz.  The 
frication spectral peak of the natural productions was found to be an average of 18dB less intense 
than the F3 vowel spectral peak across all three natural tokens of /ɑs/.   In contrast, the F3 region 
frication spectral peak for /ɑʃ/ was found to be an average of 14dB greater than the vowel 
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spectral peak in the F3 region of each phoneme. It was determined that frequency transition and 
relative amplitude information is reasonably comparable for CV vs. VC stimuli based on these 
natural productions. Therefore, synthetic stimuli were created based on data from previous 
research, with a mirror image of parameters, under the assumption that CV and VC syllables 
have relatively comparable acoustic characteristics.   
 
 
FIG 1. Spectrogram of natural productions of the /ɑs/ syllable by a male speaker. 
 
 
 
 
F2 
F2 F2 
Token 1 Token 2 Token 3 
Time (s) 
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FIG 2. Spectrogram of natural productions of the /ɑʃ/ syllable by a male speaker.  
The focus of the current study is on the perceptual weighting of these context dependent 
cues (i.e., F2 transition and spectral prominence), which refers to the strength of one secondary 
cue over the other for the purpose of fricative identification.  It is important to note that fricative 
duration has also been found to significantly impact perception when the duration of the fricative 
is shorter than 50ms (Jongman, 1989). However, some individuals have been found to exhibit 
accurate identification at durations that are even shorter than 50ms when synthetic stimuli are 
utilized (Hedrick & Ohde, 1993). Short duration fricatives (i.e. 50ms) do not alter the perceptual 
weighting of other secondary cues for the /s/-/ʃ/ distinction (Hedrick, 1997).  Because the current 
study used fricative stimuli of 140ms in duration, and fricatives rarely occur in typical speech 
with durations shorter than 50ms, fricative duration was not altered or analyzed.  
F2 F2 F2 
Token 1 Token 2 Token 3 
Time (s) 
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 Finally, vocalic context (Mann & Repp, 1980; Nittrouer & Studdert-Kennedy, 1987) and 
speaker gender (Mann & Repp, 1980) have also been found to influence fricative identification, 
although not as effectively as F2 transition or F3 spectral prominence.  For this reason, vocalic 
context and speaker gender were held constant in this study.   
  
Acoustic Change Complex  
 An objective measure was used to provide an index of speech encoding of the two 
secondary cues for fricative identification.  A number of techniques for this purpose are currently 
used.  Previous research has found that acoustically-presented synthetic speech stimuli can elicit 
responses from the brain that are known as auditory-evoked potentials (AEPs). These 
neurophysiologic responses are time-locked to the presentation of the stimuli, and can provide an 
objective means of assessing cortical encoding of speech sounds.  Typical late AEP responses 
appear after the onset of an auditory stimulus as a series of positive- and negative-going neural 
responses termed the P1-N1-P2 complex, which occur around 50ms, 100ms, and 200ms after the 
onset of an acoustic stimulus, respectively (for review, see Näätänen & Picton, 1987).   
 Two viable options exist for contrasting place of articulation passively (i.e., without the 
need for patient attention) in neurophysiologic testing, including the electrically-evoked 
mismatch negativity response (MMN) and the Acoustic Change Complex (ACC).  The MMN is 
a passively-evoked potential that is obtained by presenting stimuli in an oddball paradigm, which 
refers to the brain’s response to sequences of repeating standard (frequent) versus deviant 
(infrequent) auditory stimuli, such as speech sounds (Näätänen, Gaillard, & Mäntysalo, 1978; 
Sams, Aulanko, Aaltonen, & Näätänen, 1990).  This index of speech discrimination has the 
disadvantage of having a small amplitude response, which necessitates hundreds of trials to 
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obtain an adequate signal-to-noise ratio (Martin & Boothroyd, 1999; Martin, Tremblay & 
Korczak, 2008).  Also problematic is the fact that the absence of an MMN does not necessarily 
indicate an inability to discriminate speech sounds as an MMN is not always reliably present in 
every individual (Kurtzberg, Vaughan, Kreuzer, & Fliegler, 1995; Lang et al., 1995).  The ACC, 
which is the P1-N1-P2 complex that occurs in response to acoustic change within a stimulus, is 
as sensitive as the MMN for detecting an acoustic change, with the advantage of providing 
greater amplitude responses, resulting in fewer trials needed and less overall test time (Martin & 
Boothroyd, 1999; Martin, Tremblay & Korczak, 2008). 
The P1-N1-P2 late response has been elicited by both /s/ and /ʃ/ phonemes presented in 
isolation (Agung et al., 2006; Ostroff, Martin, & Boothroyd, 1998), suggesting that, when placed 
in a VC context for the purpose of this research, the spectral cue for the fricatives alone will be 
sufficient for the elicitation of an ACC.  The ACC has also been elicited using contrasts of 
periodic versus aperiodic tonal complexes, where root mean square amplitude and spectral 
envelope were equivalent across stimuli (Martin & Boothroyd, 1999), indicating that the ACC is 
sensitive to the acoustic parameter of periodicity.  This implies that a change from a periodic 
vowel sound to an aperiodic consonant should elicit an ACC – even with changes in amplitude or 
spectrum.  In fact, synthesized vowel stimuli varying in amplitude, spectrum, and the 
combination of both acoustic cues have all been found to elicit a robust ACC (Martin & 
Boothroyd, 2000).   
Stimulus amplitude changes impact ACC responses in a number of ways, depending on 
the nature of the stimulus.  Martin & Boothroyd (2000) found that an ACC was clearly obtained 
from individuals that were presented with synthetic vowel stimuli in a vowel-vowel (VV) 
context, and a larger ACC response was achieved when intensity of the stimulus was increased 
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from the first vowel to the following vowel.  A decrement in stimulus intensity from first to 
second phoneme also resulted in increases in response amplitude, but the effect on the combined 
ACC response was smaller than increases in stimulus intensity.  This was true when the change 
occurred near the just noticeable difference limen (i.e., from -5dB to +5dB) (Martin & 
Boothroyd, 2000).  The current study will examine amplitude changes of synthetic speech 
sounds that are well above the just noticeable difference in stimulus intensity.   
Perceptual salience of a cue for fricative identification is dependent upon the audibility, 
encoding and perception of that cue.  Larger amplitude and earlier latency responses of the ACC 
are directly related to greater behavioral/perceptual salience of that same cue.  Evidence to 
support this assumption can be found in the AEP literature that demonstrates larger and earlier 
ACC responses to increments and decrements in stimulus intensity, frequency and gap duration.  
There have been a number of studies that have assessed the relationship between the latency and 
amplitude of AEPs, such as the N1 wave of the late cortical onset response, and stimulus/sensory 
magnitude.  When stimulus intensity decreases, the N1 response has been found to decrease in 
amplitude and increase in latency (Beagley & Knight, 1967; Picton, Woods, Baribeau-Braun, & 
Healey, 1977; Rapin, Schimmel, Tourk, Krasnegor, & Pollak, 1966). When the presentation of 
stimuli is slow and stimuli of different intensities are delivered, the amplitude of N1 increases 
with increasing intensity, even at high intensities (Gille, Bottcher, & Ullsperger, 1986).  In 
addition, changes in N1 amplitude have been noted with variations in the tonal frequency of a 
stimulus when stimulus intensity is held constant.  The N1 response decreases with increasing 
stimulus frequency (for tones), particularly at frequencies greater than 2000 Hz (Antinoro & 
Skinner, 1968; Antinoro, Skinner, & Jones, 1970; Picton, Woods, & Proulx, 1978b; Stelmack, 
Achom, & Michaud, 1977).   
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 Studies of N1 evoked by speech stimuli also demonstrate amplitude and latency changes 
with variations in stimulus parameters. As described previously, N1 is sensitive to the physical 
and temporal properties of a sound stimulus, and is therefore thought to reflect processing of 
sound such as speech segmentation and detection (Kutas, Delong, & Kiang, 2011). One study 
using CV syllables found that N1 latency was shorter for plosive rather than for non-plosive 
CVs, suggesting that stimulus duration, frequency, and amplitude may all impact encoding of N1 
(Lawson & Gaillard, 1981).  
 In addition to studies of late cortical onset potentials, studies of the ACC response to 
various stimuli have also demonstrated the significant impact of incremental acoustic changes on 
the neurophysiologic change response.  ACC amplitude has been shown to increase with 
increasing stimulus changes in intensity (Martin & Boothroyd, 2000; Harris, Mills & Dubno, 
2007; Dimitrijevic et al., 2009, 2011), frequency (Harris, Mills, He, & Dubno, 2008; Dimitrijevic 
et al., 2009, 2011), and gap duration (Michalewski, Starr, Nguyen, Kong, & Zeng, 2005).  
Perhaps most important for the purpose of indicating the relationship between ACC latency and 
amplitude and acoustic salience is a study conducted by He, Grose, & Buchman (2012) that 
revealed significant correlations between ACC amplitude and latency measures and behavioral 
difference limen for frequency and intensity of a 500Hz tone.  
The changes in AEP latency and amplitude that result from variations in stimulus 
amplitude and frequency found in these studies support the assertion that acoustic salience of the 
secondary cues for fricative perception can be indexed by the ACC.  This is assumed because 
results of previous AEP studies have demonstrated that the ACC can serve as an index of 
incremental changes in stimulus intensity, frequency and gap duration. 
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The primary purpose of this study was to determine the weight of secondary context 
dependent cues for fricative identification in normal hearing listeners. The weighting of these 
secondary cues for fricative perception was measured using a behavioral trading relations 
paradigm, where the secondary cues were placed in contrast with one another within the same 
VC syllable.   In addition, because it is assumed that the ACC reflects the audibility of an 
amplitude or frequency cue within a stimulus, the current study proposed the use of this objective 
electrophysiological measure for the purpose of assessing the audibility, encoding and perception 
of these secondary cues for fricative identification.  A comparison of the behavioral and 
electrophysiological results was conducted to indicate whether or not the weight of secondary 
cues for fricative perception was driven by perceptual salience. 
The foundation for this model is based on the assumption that the ACC reflects acoustic 
changes within a stimulus.  Therefore, the secondary purpose of this study was to evaluate the 
features of a stimulus that influence the ACC response to determine if the ACC is sensitive to 
acoustic changes alone, or if there is a mediating linguistic component to this response.   
  
Method 
Subjects 
Twelve normal-hearing adults (mean age 29 years; age range 24-40 years) were recruited 
for the study.  Subjects were screened for hearing loss at standard octave frequencies from 250-
8kHz bilaterally.  Those subjects with any threshold >25 dB HL at any frequency were excluded 
from the study. Subjects had no documented history of neurological or learning impairments. 
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Stimuli  
Eight VC syllable stimuli were synthesized using the Klatt parameters within HL-Syn 
software.  A complete review of the Klatt parameters for the stimuli in each of the conditions can 
be found in Appendix A.  A synthetic analog to the vowel /ɑ/ preceded synthetic analogs of the 
voiceless alveolar and pre-palatal fricative consonants /s/ and /ʃ/, respectively.  For each of the 
syllables, relative amplitude comparisons between the F3 region of the vowel and primary 
frication energy, as well as the offset frequency of the F2 transition from vowel to fricative were 
manipulated.  See Table 1 for stimulus conditions.  Two pairs of stimuli were apportioned into 
each of the following four categories: 1) Cooperating cues, where both F3 spectral prominence 
and F2 formant transition cues were synthesized to mimic natural productions of either /s/ or /ʃ/; 
2) Conflicting cues, where F3 spectral prominence cues typical of one fricative were combined 
with F2 formant transition cues typical of the contrasting fricative; 3) a neutral F2 formant 
transition of 1500Hz paired with the isolated cue of F3 spectral prominence typical of one 
fricative; and 4) a neutral relative amplitude cue of 0dBSPL paired with the isolated cue of F2 
formant transition typical of one fricative.   
Table 1. Details of the eight stimuli synthesized. A /s/ in the F3 spectral prominence column represents a /s/-like 
relative amplitude comparison in the F3 region of the fricative and vowel pair.  A /s/ in the F2 transition cue column 
represents a /s/-like F2 offset frequency of the transition. A /ʃ/ in the relative amplitude column represents a /ʃ/-like 
relative amplitude comparison in the F3 region of the fricative and vowel pair. A/ʃ/ in the F2 transition cue column 
represents a /ʃ/-like F2 offset frequency of the transition. 
 
Stimulus # 
F3 Spectral 
Prominence Cue F2 Transition Cue 
1 /s/ /s/ 
2 /ʃ/ /ʃ/ 
3 /s/ /ʃ/ 
4 /ʃ/ /s/ 
5 /s/ neutral 
6 /ʃ/ neutral 
7 neutral /s/ 
8 neutral /ʃ/ 
Cooperating Pair 
Conflicting Pair 
Spectral Prominence Pair 
F2 Transition Pair 
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Values for the center frequency of frication, bandwidth, F2 offset frequency of the 
transition, and amplitude values for the F3 region of the vowel compared with the amplitude of 
frication energy in the same frequency region was based on previous research (Hedrick, 1997; 
Hedrick & Ohde, 1993; Hedrick & Younger, 2003).  However, unlike the 340ms duration CV 
syllables (i.e., 140ms of frication followed by a vocalic portion of 200ms) used in previous 
research, VC syllables of 500ms were utilized to minimize the overlap between the 
neurophysiologic late response to the onset of the syllable and the ACC response to the transition 
from vowel to fricative.  500ms of frication in a CV format was not proposed because the 
primary cue of frication spectrum overrides all secondary cues for fricative perception when 
frication duration exceeds 200ms (Whalen, 1991). 
The first stimulus represents both F3 spectral prominence and F2 transition cues 
appropriate for a typical /s/ phoneme.  The second stimulus represents both F3 spectral 
prominence and F2 transition cues appropriate for a typical /ʃ/ phoneme.  The first pair of stimuli 
together is referred to as the cooperating pair condition, as it represents the nearest synthetic 
approximation to natural productions of /ɑs/ and /ɑʃ/.  The third stimulus has a typical /s/-like F3 
spectral prominence cue and a /ʃ/-like F2 transition cue, while the fourth stimulus has a /ʃ/-like 
F3 spectral prominence cue and a /s/-like F2 transition cue.  Because the stimuli contain 
opposing cues within the same syllable, the third and fourth stimuli together represent the 
conflicting pair condition.  The fifth and sixth stimuli represent the spectral prominence pair, 
where the F3 spectral prominence cues are present and a neutral F2 transition to 1500Hz is 
utilized.  A /s/-like F3 spectral prominence cue is present alone in the fifth stimulus, while a /ʃ/-
like F3 spectral prominence cue is present alone in the sixth stimulus. The final pair of stimuli 
represents the F2 transition pair, where the F2 transition cues are present and a neutral relative 
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amplitude of 0dBSPL is utilized.  A /s/-like F2 transition cue is present alone in the seventh 
stimulus, while a /ʃ/-like F2 transition cue is present alone in the eighth stimulus.   
Each vowel was created with 500ms of duration followed by a fricative of 140ms 
duration.  The levels discussed in this section were set using the Klatt synthesizer, and are in 
arbitrary units specific to this software.  The following parameters are based on previous 
research (Hedrick & Ohde, 1993; Hedrick & Younger, 2003).  For all eight of the stimuli, vowel 
onset was initiated at an amplitude of 45 and rose to a maximum amplitude of 59 within 40ms.  
The vocalic portion continued for 500ms before dropping from maximum amplitude to 0 within 
15ms.  Frication noise began at an amplitude of 35 at 490ms and rose to a peak level of 47 within 
25ms, where it remained for 115ms.  Thus, the total duration of the frication portion was 140ms.  
The F2 transition began at 500ms post-onset.  Fundamental frequency began at 120Hz at 0ms 
and gradually increased across the vocalic portion to 130Hz at voicing offset.  For all of the 
stimuli except the F3 spectral prominence-only cue stimuli (i.e., stimulus pair 5 & 6), the steady-
state formant values of the vowel were: F1=700Hz (BW=130Hz), F2=1220Hz (BW=70Hz), 
F3=2600Hz (BW=160Hz), F4=3500Hz (BW=350Hz), F5=3750Hz (BW=200Hz), and 
F6=4900Hz (BW=1000Hz).   
For the cooperating, conflicting and F2 transition pair stimuli, F2 offset frequency of the 
transition was set at either 1200Hz (appropriate for /s/) or 1800Hz (appropriate for /ʃ/).  The 
spectral prominence pair stimuli had an F2 onset frequency of 1220Hz and a transition to a 
neutral F2 offset frequency of 1500Hz to reduce the contribution of F2 frequency transition as a 
cue for identification.  For the cooperating, conflicting and spectral prominence pair stimuli, the 
amplitude of the frication was manipulated relative to the F3 region of vowel amplitude to yield 
values of ±10dB.  Klatt settings were adjusted so that the frication was 10dB less intense than 
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that of the vowel portion in the F3 region (~2500Hz) when an F3 spectral prominence cue was 
appropriate for /s/.  In contrast, an F3 spectral prominence cue appropriate for /ʃ/ had a frication 
portion set to 10dB more intense than that of the vowel portion in the F3 region.  For the F2 
transition pair stimuli, a neutral relative amplitude of 0dBSPL was set between the F3 region of 
the vowel and adjacent fricative to reduce the contribution of relative amplitude as a cue for 
identification.   
Each of the eight stimuli was created with identical steady-state vowel RMS intensities, 
as determined by sound level meter readings of the stimuli.  The stimuli were presented at a 
vowel steady-state level of 70dB SPL via ER-3A insert earphones within a sound-treated booth, 
which was determined by outputting the cooperating pair synthetic stimulus from the computer’s 
soundcard through the amplifier to the earphones and measuring the output from the earphones 
using a coupler and a sound level meter.   The ER-3A insert earphones have a flat frequency 
response up to 5000 Hz, approximately the highest frequency present in the stimuli.  
 
Procedure – Behavioral 
Random order stimulus presentation and online data collection was performed using 
Microsoft PowerPoint software in a two-alternative forced choice identification paradigm.  
Subjects were instructed to identify the consonant perceived by using the computer mouse to 
click on the appropriate button on a computer screen labeled with either an “s” or an “sh.”  
Subjects were first given a practice before being permitted to begin the test phase.  The practice 
test consisted of 20 presentations of stimuli – 10 each of the cooperating stimuli for /ɑs/ and /ɑʃ/. 
A criterion of ≥90% correct was required before the test phase began automatically.  If the 
criterion was not met, the subject was reinstructed to listen for slight differences between stimuli 
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and was permitted to re-attempt the practice test.  During the test phase, a total of 50 
presentations of each of the 8 stimuli were randomly presented to the listener.  Listener response 
time was not limited.  Once a response was recorded, the next stimulus was automatically 
presented upon button press, which means that the inter-stimulus interval was variable 
throughout behavioral testing.  Because response time was neither limited nor recorded, subjects 
were allowed breaks at any time.  Assuming an average reaction time of about 1500ms, total 
behavioral test time was approximately 15.5 minutes for each subject. 
 
Procedure – Electrophysiological 
 All of the evoked potentials for this study were recorded from surface electrodes using 
the Neuroscan SCAN system and 32 channel amplifier.  A 32 channel electrode cap was used.  
Eye movements were monitored (vertical eye movements and eye blinks) using electrodes placed 
above and below the subject’s right eye.  Impedances for each electrode were maintained at a 
level below 5000 ohms. 
Stimuli were presented with an onset-to-onset interval of 1630ms – 630ms per trial and 
1000ms of silence following each trial. There were 400 total presentations of each of the 8 
stimuli in 8 blocks presented using Stim software.  The presentation of the blocks was 
counterbalanced.  Within each block, stimuli were identical (i.e., not mixed and randomized) to 
avoid the inadvertent measurement of a mismatch negativity response.  This resulted in 
approximately 11 minutes per block for 8 blocks, in addition to approximately 30 minutes for 
cap placement and another 10 minutes for initial hearing screening for a total testing time of 
about 2.5 hours.   
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During the recording of the evoked potentials, the continuous electroencephalograph 
(EEG) was digitized (A/D = 1000 Hz), amplified (gain = 1000), and filtered (0.15 – 100 Hz).  
Following the recording, the data was processed offline by applying an eye blink reduction 
algorithm to a virtually-created eye channel (Semlitsch, Anderer, Schuster, & Presslich, 1986), 
epoching (0–999 ms, 1000 points & -100–400ms, 500 points), baseline correcting on the entire 
epoch, digital filtering (1 to 30 Hz, 12 dB/octave), rejecting excessive artifact (±100 µV), and re-
referencing to an average reference.  Processed waveforms were averaged for individual subjects 
by stimulus type, and a grand mean average waveform for each stimulus condition was obtained 
by averaging waveforms across individual subjects. 
The ACC measurements were referenced to 500ms after the onset of each stimulus, as 
this was the time point of fricative onset within each stimulus.  Results are reported as if the 
onset of frication within each stimulus (i.e., 500ms) is the onset of the ACC.  As such, the 
individual components of the ACC – P1, N1 and P2 – are labeled from the onset of frication. The 
largest positive-going peak around 50ms after the onset of frication (i.e. ~550ms post onset of 
the stimulus) was labeled P1, followed by the largest negative-going peak around 100ms after 
the onset of frication (i.e. ~600ms post onset of the stimulus), which was labeled N1.  Finally, 
the second positive-going peak occurring at around 200ms after the onset of frication (i.e. 
~700ms post onset of the stimulus) was labeled P2.  Latency and amplitude measures were taken 
from each of these peaks across subjects and group means and standard deviations were 
calculated at the midline central site FCz.  This site was chosen based on visual analysis of the 
largest responses across subjects occurring at FCz.   
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Results 
Behavioral 
 Figure 3 illustrates identification performance for the 8 stimuli across all twelve subjects.  
In this figure, mean percent /s/ identification is plotted for each stimulus arranged by stimulus 
pair. Recall that each stimulus was presented 50 times throughout behavioral testing, which 
translates to 2% per identification. 
 
FIG 3. Behavioral results.  Percent /s/ responses recorded to each stimulus across all twelve subjects. Error bars represent 
standard error from the mean. Panels a), b), c) and d) represent the cooperating pair, conflicting pair, F2 transition pair, and 
spectral prominence pair, respectively.  s-trans = F2 transition cue for /s/; sh-trans = F2 transition cue for /ʃ/; s-amp = F3 spectral 
prominence for /s/; sh-amp = F3 spectral prominence for /ʃ/. 
 
Behavioral percent correct identification of the conflicting cues (i.e., Panel b) indicated 
that these normal hearing subjects relied almost exclusively on the F3 spectral prominence cue 
a) b) 
c) d) 
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when identifying this fricative pair.  If the conflicting cue condition had an F3 spectral 
prominence cue appropriate for a /s/ and the F2 transition cue appropriate for a /ʃ/, then the 
subjects identified this syllable as an ‘s’ 89.2% (±7.7%) of the time.  However, if the conflicting 
cue condition had an F3 spectral prominence cue appropriate for a /ʃ/ and the F2 transition cue 
appropriate for a /s/, then the subjects identified this syllable as an ‘s’ 3.8% (±4.8%) of the time, 
as it was perceived as more like an “sh.”  Both of these means are consistent with the dominance 
of the F3 spectral prominence cue over F2 transition for the purpose of fricative identification.  
A one way analysis of variance (ANOVA) with repeated measures on stimulus type was 
computed with number of ‘s’ responses (out of 50) as a dependent variable.  Stimulus type had 8 
levels (i.e., cooperating pair, conflicting pair, F2 transition pair, and spectral prominence pair). 
Mauchly’s Test of Sphericity indicated that the assumption of sphericity had been violated, thus 
degrees of freedom were corrected using a Greenhouse-Geisser estimate of sphericity. The 
ANOVA exhibited a significant effect of stimulus type on number of ‘s’ responses [F(2.394, 
26.336) = 361.04, p<0.001]. Significant results of the least significant difference (LSD) post-hoc 
analysis of pairwise comparisons can be seen in Table 2. Results revealed significant differences 
between the cooperating pairs, indicating that the two fricatives were clearly perceived as 
different phonemes. Dominance of the spectral prominence cue over the F2 transition cue was 
demonstrated in significant differences between isolated spectral prominence cue comparisons 
and conflicting vs. conflicting comparisons.  Significant differences between all permutations of 
cooperating and conflicting cue pairs revealed how the non-dominant F2 transition cue 
influenced identification, but to a lesser degree than the F3 spectral prominence cue.  Finally, 
identification of the isolated F2 transition cue stimulus pairs was essentially at chance level, and 
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no significant difference was found between the isolated /s/ F2 transition cue vs. the isolated /ʃ/ 
F2 transition cue, supporting the non-dominance of F2 transition.  
Table 2. Selected results of one way repeated measures ANOVA of behavioral data. 
Cue Contrast F2 SP %  's' F2 SP %  's' Significance Level
Cooperating vs. Cooperating /s/ /s/ 93.3 /ʃ/ /ʃ/ 1.5 <0.01*
Spectral Prominence  vs. Transition Neutral /s/ 92.2 /s/ Neutral 41.7 <0.01*
Spectral Prominence Cue Pair Neutral /s/ 92.2 Neutral /ʃ/ 2.3 <0.01*
Conflicting vs. Conflicting /ʃ/ /s/ 89.2 /s/ /ʃ/ 3.8 <0.01*
Cooperating vs. Conflicting /ʃ/ /s/ 89.2 /ʃ/ /ʃ/ 1.5 <0.01*
Cooperating vs. Conflicting /s/ /s/ 93.3 /ʃ/ /s/ 89.2 <0.01*
Cooperating vs. Conflicting /s/ /ʃ/ 3.8 /ʃ/ /ʃ/ 1.5 <0.01*
Cooperating vs. Conflicting /s/ /s/ 93.3 /s/ /ʃ/ 3.8 <0.01*
Transition Cue Pair /s/ Neutral 41.7 /ʃ/ Neutral 43.3 0.626
Greater 's' Responses Less 's' Responses
Note. Aside from Transition Cue Pair, only significant contrasts from LSD post hoc testing displayed.  F2 = 
Second formant frequency transition cue; SP = F3 spectral prominence cue; * = significant finding  
Electrophysiological 
In order to determine the timing and synchrony of the secondary cues to the /s/-/ʃ/ 
distinction, amplitude and latency measures of the ACC were examined.  Larger and earlier 
neurophysiologic responses were assumed to indicate greater acoustic salience, and vice versa. 
Group mean ACC responses to each of the 8 stimuli at FCz are exhibited in Figure 4.  
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FIG 4. Grand mean ACC responses to each of the 8 stimuli at FCz 
 
Eight one way repeated measures ANOVAs were computed with P1, N1, P2 latency and 
P1, N1, P2, P1-N1, & N1-P2 amplitude as functions of stimulus type (8 levels).  The analyses of 
N1 latency, P1 amplitude, and P1-N1 amplitude yielded no significant main effects of stimulus 
type [F(7, 77) = 0.690, p=0.680, F(7, 77) = 1.989, p=0.067, & F(7, 77) = 2.036, p=0.061 
respectively]. The following contrasts all revealed significant main effects of stimulus type with 
the assumption of sphericity met, including P1 latency [F(7, 77) = 2.659, p<0.05], P2 latency 
[F(7, 77) = 2.379, p<0.05],  N1 amplitude [F(7, 77) = 4.997, p<0.01], and N1-P2 amplitude [F(7, 
77) = 6.842, p<0.01].  For the ANOVA of P2 amplitude and stimulus type, Mauchly’s Test of 
Sphericity indicated that the assumption of sphericity had been violated, thus degrees of freedom 
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were corrected using a Greenhouse-Geisser estimate of sphericity. The ANOVA exhibited a 
significant effect of stimulus type on P2 amplitude [F(2.937, 32.302) = 3.799, p<0.05].   
Selected results of Least Significant Difference post-hoc testing of significant main 
effects are illustrated in Tables 3-6.  Results from Table 3 display contrasts that are consistent 
with earlier and larger ACC responses to stimuli that contained a spectral prominence cue 
appropriate for either /s/ or /ʃ/ relative to stimuli with neutral spectral prominence cues, 
regardless of the F2 transition cue for the larger and earlier stimulus.   
Table 3. Selected results of one way repeated measures ANOVA of electrophysiological data.  Results displayed 
suggest that the behaviorally dominant spectral prominence cue is more neurophysiologically salient than the 
second formant frequency transition cue. Panels (a) and (b) represent latency and amplitude responses to each cue 
pair for various components of the ACC, respectively. F2 = Second formant frequency transition cue; SP = F3 
spectral prominence cue; * = significant finding. 
(a) (b)
ACC 
component F2 SP F2 SP
Significance 
Level
ACC 
component F2 SP F2 SP
Significance 
Level
P1 /ʃ/ /ʃ/ /s/ Neutral <0.05* N1 Neutral /s/ /s/ Neutral <0.05*
P1 /ʃ/ /ʃ/ /ʃ/ Neutral <0.05* N1 Neutral /s/ /ʃ/ Neutral <0.01*
P2 Neutral /s/ /s/ Neutral <0.05* N1 /ʃ/ /ʃ/ /s/ Neutral <0.01*
P2 Neutral /ʃ/ /s/ Neutral <0.05* N1 /ʃ/ /ʃ/ /ʃ/ Neutral <0.01*
P2 /ʃ/ /ʃ/ /s/ Neutral <0.05*
P2 Neutral /ʃ/ /ʃ/ Neutral <0.05*
P2 /ʃ/ /ʃ/ /ʃ/ Neutral <0.01*
N1-P2 Neutral /s/ /ʃ/ Neutral <0.05*
N1-P2 /ʃ/ /ʃ/ /s/ Neutral <0.01*
N1-P2 /ʃ/ /ʃ/ /ʃ/ Neutral <0.01*
LATENCY AMPLITUDE
Earlier Response Later Response Larger Response Smaller Response
Note. Only significant contrasts from LSD post hoc testing displayed.   
 
Figure 5 illustrates the ACC responses to two separate contrasts that typify the results 
depicted in Table 3.  In panel (a), P2 latency is significantly earlier for the isolated F3 spectral 
prominence cue stimulus (s-amp) than for the isolated F2 transition cue stimulus (s-trans). In 
panel (b), P2 amplitude is significantly larger for the isolated F3 spectral prominence cue 
stimulus (sh-amp) than for the isolated F2 transition cue stimulus (sh-trans). 
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Fig 5. ACC results for selected contrasts where stimuli with spectral prominence cue are earlier and larger than 
stimuli with F2 transition.  
 
Results from Table 4 display contrasts that are consistent with earlier and larger ACC 
responses to stimuli that contained a spectral prominence cue appropriate for a /ʃ/ relative to 
stimuli with neutral spectral prominence cues or spectral prominence cues appropriate for a /s/, 
demonstrating the neurophysiological salience of /ʃ/ over /s/ across subjects.   
 
Table 4. Selected results of one way repeated measures ANOVA of electrophysiological data.  Results displayed 
indicate that, when the behaviorally dominant spectral prominence cue is appropriate for a /ʃ/, responses are earlier 
and larger than when the spectral prominence cue is neutral or appropriate for a /s/. Panels (a) and (b) represent 
latency and amplitude responses to each cue pair for various components of the ACC, respectively.F2 = Second 
formant frequency transition cue; SP = F3 spectral prominence cue; * = significant finding. 
(a) (b)
ACC 
component F2 SP F2 SP
Significance 
Level
ACC 
component F2 SP F2 SP
Significance 
Level
P1 /ʃ/ /ʃ/ /s/ Neutral <0.05* N1 /ʃ/ /ʃ/ /s/ Neutral <0.01*
P1 Neutral /ʃ/ /ʃ/ /s/ <0.01* N1 /ʃ/ /ʃ/ /ʃ/ /s/ <0.01*
P1 /ʃ/ /ʃ/ /ʃ/ /s/ <0.01* N1 /s/ /ʃ/ /ʃ/ /s/ <0.05*
P1 /ʃ/ /ʃ/ /s/ /s/ <0.01* P2 Neutral /ʃ/ Neutral /s/ <0.01*
P1 /ʃ/ /ʃ/ /s/ /ʃ/ <0.01* P2 /ʃ/ /ʃ/ /s/ Neutral <0.05*
P2 Neutral /ʃ/ /s/ Neutral <0.05* P2 Neutral /ʃ/ /ʃ/ /s/ <0.01*
P2 Neutral /ʃ/ /s/ /s/ <0.01*
P2 /ʃ/ /ʃ/ /ʃ/ /s/ <0.01*
P2 /ʃ/ /ʃ/ /s/ /s/ <0.05*
N1-P2 /ʃ/ /ʃ/ /s/ Neutral <0.01*
N1-P2 Neutral /ʃ/ /ʃ/ /s/ <0.05*
N1-P2 /s/ /ʃ/ /ʃ/ /s/ <0.01*
N1-P2 /ʃ/ /ʃ/ /s/ /s/ <0.01*
LATENCY AMPLITUDE
Earlier Response Later Response Larger Response Smaller Response
Note. Only significant contrasts from LSD post hoc testing displayed.   
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Figure 6 illustrates the ACC responses to three separate contrasts that typify the results 
depicted in Table 4. In panel (a), P1 latency is significantly earlier for the cooperating /ʃ/ 
stimulus (sh_trans-sh_amp) than for the cooperating /s/ stimulus (s_trans-s_amp). In panel (b), 
N1 amplitude is significantly larger for the conflicting stimulus with a /ʃ/-like spectral 
prominence cue (s-trans_sh-amp) than for the conflicting stimulus with a  /s/-like spectral 
prominence cue (sh-trans_s-amp). In panel (c), P2 amplitude is significantly larger for the 
isolated /ʃ/-like F3 spectral prominence cue stimulus (sh-amp) than for the /s/-like isolated F3 
spectral prominence cue stimulus (s-amp). 
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Fig 6. ACC results for selected contrasts where spectral prominence cues for /ʃ/ yielded earlier and larger responses 
than stimuli with spectral prominence cues for /s/.  
 
Results from Table 5 show contrasts that are consistent with earlier and larger ACC 
responses to stimuli that contained cooperating cues relative to stimuli with either neutral or 
P1 
P1 
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N1 
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conflicting cues, regardless of whether the cooperating cue was for a /s/ or /ʃ/.  Table 6 reveals 
contrasts that are consistent with earlier and larger ACC responses to stimuli that contained 
neutral cues relative to stimuli with conflicting cues, regardless of the combination of /s/ and /ʃ/.  
These tables together demonstrate a hierarchy of neurophysiologic salience from cooperating to 
neutral to conflicting cue pairs.  
Table 5. Selected results of one way repeated measures ANOVA of electrophysiological data.  Results displayed 
indicate that the cooperating pairs yielded earlier and larger responses than isolated or conflicting pairs. Panels (a) 
and (b) represent latency and amplitude responses to each cue pair for various components of the ACC, 
respectively. F2 = Second formant frequency transition cue; SP = F3 spectral prominence cue; * = significant 
finding. 
(a) (b)
ACC 
component F2 SP F2 SP
Significance 
Level
ACC 
component F2 SP F2 SP
Significance 
Level
P1 /ʃ/ /ʃ/ /s/ Neutral <0.05* N1 /ʃ/ /ʃ/ Neutral /ʃ/ <0.05*
P1 /ʃ/ /ʃ/ /ʃ/ Neutral <0.05* N1 /ʃ/ /ʃ/ /ʃ/ Neutral <0.01*
P1 /ʃ/ /ʃ/ /ʃ/ /s/ <0.01* N1 /s/ /s/ /ʃ/ /s/ <0.05*
P1 /s/ /s/ /ʃ/ /s/ <0.05* P2 /ʃ/ /ʃ/ /ʃ/ Neutral <0.01*
P1 /ʃ/ /ʃ/ /s/ /ʃ/ <0.05* P2 /ʃ/ /ʃ/ /ʃ/ /s/ <0.01*
P2 /ʃ/ /ʃ/ /s/ /ʃ/ <0.01*
N1-P2 /ʃ/ /ʃ/ Neutral /ʃ/ <0.05*
N1-P2 /ʃ/ /ʃ/ /ʃ/ Neutral <0.01*
N1-P2 /ʃ/ /ʃ/ /ʃ/ /s/ <0.01*
N1-P2 /ʃ/ /ʃ/ /s/ /ʃ/ <0.01*
N1-P2 /s/ /s/ /ʃ/ /s/ <0.05*
Note. Only significant contrasts from LSD post hoc testing displayed.  
LATENCY AMPLITUDE
Earlier Response Later Response Larger Response Smaller Response
 
Table 6. Selected results of one way repeated measures ANOVA of electrophysiological data.  Results displayed 
indicate that the conflicting pairs yielded significantly later and smaller responses relative to isolated pairs. Panels 
(a) and (b) represent latency and amplitude responses to each cue pair for various components of the ACC, 
respectively. F2 = Second formant frequency transition cue; SP = F3 spectral prominence cue; * = significant 
finding. 
(a) (b)
ACC 
component F2 SP F2 SP
Significance 
Level
ACC 
component F2 SP F2 SP
Significance 
Level
P1 Neutral /ʃ/ /ʃ/ /s/ <0.01* N1 Neutral /s/ /ʃ/ /s/ <0.01*
N1 Neutral /s/ /s/ /ʃ/ <0.01*
N1 /s/ Neutral /ʃ/ /s/ <0.01*
P2 Neutral /s/ /ʃ/ /s/ <0.05*
N1-P2 Neutral /s/ /ʃ/ /s/ <0.01*
N1-P2 /s/ Neutral /ʃ/ /s/ <0.05*
N1-P2 Neutral /ʃ/ /ʃ/ /s/ <0.05*
Note. Only significant contrasts from LSD post hoc testing displayed.  
LATENCY AMPLITUDE
Earlier Response Later Response Larger Response Smaller Response
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Figures 7 and 8 illustrate the ACC responses to separate contrasts that typify the results 
depicted in Tables 5 and 6, respectively.  In panel (a) of Figure 5, N1 amplitude is significantly 
larger for the cooperating /ʃ/ cue stimulus than for the isolated F3 spectral prominence cue 
stimulus (sh-amp). In panel (b) of Figure 5, N1-P2 amplitude is significantly larger for the 
cooperating /s/ cue stimulus than for the conflicting stimulus with a /ʃ/-like transition cue and a 
/s/-like spectral prominence cue (sh-trans_s-amp). 
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Fig 7. ACC results for selected contrasts where cooperating cue stimuli yield larger responses than stimuli with 
neutral or conflicting cues.  
 
In panel (a) of Figure 6, N1 amplitude is significantly larger for the isolated /s/-like F3 
spectral prominence cue (s-amp) than for the conflicting stimulus with a /ʃ/-like transition cue 
and a /s/-like spectral prominence cue (sh-trans_s-amp). In panel (b) of Figure 6, N1 amplitude is 
significantly larger for isolated /s/-like F2 transition cue stimulus (s-amp) than for the conflicting 
stimulus with a /ʃ/-like transition cue and a /s/-like spectral prominence cue (sh-trans_s-amp). 
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Fig 8. ACC results for selected contrasts where conflicting cue stimuli yield smaller responses than stimuli with 
neutral cues.  
 
 Finally, P2 latency was found to be significantly later for the cooperating /ʃ/ stimulus 
relative to both the isolated /ʃ/-like F3 spectral prominence stimulus and the conflicting cue 
stimulus with a /ʃ/-like F3 spectral prominence cue and a /s/-like F2 transition cue. 
Discussion   
In this study, behavioral identification of the fricatives /s/ and /ʃ/ was assessed when 
context dependent secondary cues for fricative perception were placed in contrast with each 
other within the same VC syllable. The results of this experiment were in line with previous 
research (Hedrick & Ohde, 1997) that revealed F3 spectral prominence dominance over F2 
formant transitions for fricative identification.  Also similar to previous research for the /s/-/ʃ/ 
contrast, F3 spectral prominence did not completely govern response functions (Hedrick & 
Ohde, 1997), as evidenced in the current study by significant differences between behavioral 
percent ‘s’ responses to cooperating vs. conflicting stimulus pairs.  These findings are in contrast 
with other research that suggested cue preferences differ on an individual basis (Christensen & 
Humes, 1996; 1997; Hazan & Rosen, 1991), as all twelve of the subjects in the current study 
exhibited a reliance on F3 spectral prominence for fricative identification in the absence of the 
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primary cue of overall frication spectrum.  A probable explanation for this discrepancy is the 
stimulus used, as the studies that demonstrated individual cue preferences utilized stop 
consonants, unlike the fricatives used in this study. 
This study also investigated the effect of acoustic changes exhibited by each of the eight 
stimulus types on latency and amplitude of ACC responses within individuals and as a group.  
Variations in ACC responses of individuals were seen, as some subjects showed well-defined 
peaks with large amplitudes and typical latencies, whereas other subjects showed less robust 
peaks and irregular latencies , especially for P1 and N1 components. Onset P1-N1-P2 complexes, 
however, were robust within and across subjects indicating that differences in P1-N1-P2 ACC 
responses across subjects are due to individual variability rather than background EEG noise or 
artifact in the recordings.     
A recently published study utilizing digitally edited versions of the naturally produced 
syllables /sɑ/ and /ʃɑ/ demonstrated ACC responses to these fricative contrasts in normal hearing 
adults, similar to the population of the current study (Miller & Zhang, 2014). While the current 
study used VC syllables /ɑs/ and /ɑʃ/, both studies support the notion that fricative contrast 
perception can be indexed at the cortical level.  
Results of the present study indicated that various components of ACC responses were 
larger and earlier for stimulus contrasts containing /s/ or /ʃ/-like F3 spectral prominence cues 
relative to stimuli containing a /s/ or /ʃ/-like F2 transition cue and a neutral F3 spectral 
prominence cue.  Knowing that ACC responses are well-correlated with behavioral difference 
limen, particularly for increases and decreases in stimulus intensity (He, Grose, & Buchman, 
2012), this result suggests that the F3 spectral prominence cue is more neurophysiologically 
salient than the F2 transition cue.  Combined with the behavioral findings, this would suggest 
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that cue dominance is driven by neurophysiologic salience of the F3 spectral prominence cue 
over the F2 transition cue for normal hearing adults. 
Stimuli containing a /ʃ/-like F3 spectral prominence cue were found to yield larger and 
earlier ACC responses than stimuli containing /s/-like or neutral F3 spectral prominence cues in 
the current study.  Recall that an /ʃ/-like F3 spectral prominence cue involved a 10dBSPL 
increase in intensity from vowel to frication in the 2500Hz region of both phonemes, while a /s/-
like F3 prominence cue involved a 10dBSPL decrease in intensity in the same region.  This 
finding is consistent with the results of Martin & Boothroyd (2000), which found that the ACC 
obtained from vowel-vowel (VV) stimuli revealed a larger response when intensity of the 
stimulus was increased from the first vowel to the second vowel.  A decrement in stimulus 
intensity from first to second phoneme also resulted in increases in response amplitude, but the 
effect on the combined ACC response was smaller relative to stimulus intensity increases.  This 
was true when the change occurred near the subjects’ difference limen (i.e., from -5dB to +5dB) 
(Martin & Boothroyd, 2000), whereas the current study presented changes in intensity at a level 
assumed to be well above each normal hearing listener’s difference limen for intensity. 
Finally, results of the current study were consistent with a mediating linguistic 
component to ACC responses, as cooperating cues yielded earlier and larger responses than 
neutral or conflicting cues, which could not be explained by acoustic parameters alone. 
Conflicting cues yielded later and smaller ACC responses than neutral cues, further supporting 
the idea that a portion of ACC responses, particularly for the N1 component of the ACC, is 
sensitive to language-specific parameters of a stimulus.  This is not a novel finding, as a similar 
result was obtained by Small & Werker (2012), who performed an electrophysiological study on 
normal hearing adults and infants whose native language was English.  Among the stimuli used 
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were concatenated consonant pairs comprised of a dental /dɑ/, plus either /bɑ/ or a Hindi 
retroflexed /Dɑ/.  ACCs were elicited to both /dɑbɑ/ and /dɑDɑ/ in the adults, with a trend 
toward larger responses for the native /dɑbɑ/ contrast.  However, the infant ACC was 
consistently elicited by /dɑbɑ/, but not to /dɑDɑ/, despite acoustic differences between /d/ and 
/D/, as evidenced by the presence of a response for the adults.  For both the adults and infants, 
evidence of language-specific ACC responses was observed. 
Inconsistent with the previously discussed trend for greater salience of cooperating cue 
stimuli, P2 latency was found to be significantly later for the cooperating /ʃ/ stimulus relative to 
both the isolated /ʃ/-like F3 spectral prominence stimulus and the conflicting cue stimulus with a 
/ʃ/-like F3 spectral prominence cue and a /s/-like F2 transition cue.  It should be noted that, while 
P2 latency was significantly later for the cooperating /ʃ/ cue stimulus, N1-P2 amplitude was 
significantly larger for the cooperating /ʃ/ relative to the neutral and conflicting cue stimuli 
mentioned.  While the latency findings are unexplained by the hypothesis of a linguistic 
component of the ACC, previous research has indicated that ACC amplitude is a better indicator 
for auditory processing than ACC latency due to individual variability in latency measures across 
subjects (He, Grose, & Buchman, 2012).  
 
Conclusions 
1) F3 spectral prominence is weighted more heavily than F2 transition for the purpose of place of 
articulation fricative identification (i.e., /s/ vs. /ʃ/) in normal hearing adults when the primary cue 
is inaccessible.  
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2) Electrophysiological responses of acoustic change (i.e., ACC) to secondary cues – P2 in 
particular – suggest that, for the most part, salience of the F3 spectral dominance cue is driving 
cue dominance. 
 3) N1 amplitude of the ACC may be impacted by language-specific stimulus characteristics as it 
is larger when spectral prominence and second formant frequency transitions are cooperating or 
neutral relative to when these secondary cues for fricative perception are conflicting within a 
stimulus. 
 
Implications/Significance of Work 
Assessing perceptual weight and acoustic salience of secondary cues for fricative 
identification in various hearing impaired populations has potential implications for signal 
processing designs.  
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Appendix A 
Klatt Parameters for synthetic stimuli 1-8 
 
Stimulus 1 TIME F0 AV AF F1 B1 F2 B2 F3 B3 F4 B4 F5 B5 F6 B6 A2F A3F A4F A5F A6F 
/s/-F2 0 1240 45 0 700 130 1220 70 2600 160 3500 350 3750 200 4900 1000 0 0 0 0 0 
/s/-SP 40 --- 59 --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- 
 
489 --- --- 0 --- --- --- --- --- --- --- --- --- --- --- --- --- 0 --- 0 0 
 
490 --- --- 35 --- --- --- --- --- --- --- --- --- --- --- --- --- 40 --- 55 55 
 
500 1300 --- --- 700 130 1220 70 2600 160 3500 350 3750 200 4900 1000 --- --- --- --- --- 
 
515 0 --- 47 505 200 --- 90 2735 250 3600 400 3800 180 4990 1000 --- --- --- --- --- 
 
540 --- 59 --- --- --- 1200 --- --- --- --- --- --- --- --- --- --- --- --- --- --- 
 
630 0 0 47 505 200 1200 90 2735 250 3600 400 3800 180 4990 1000 0 40 0 55 55 
 
Stimulus 2 TIME F0 AV AF F1 B1 F2 B2 F3 B3 F4 B4 F5 B5 F6 B6 A2F A3F A4F A5F A6F 
/ʃ/-F2 0 1240 45 0 700 130 1220 70 2600 160 3500 350 3750 200 4900 1000 0 0 0 0 0 
/ʃ/-SP 40 --- 59 --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- 
 
489 --- --- 0 --- --- --- --- --- --- --- --- --- --- --- --- --- 0 --- 0 0 
 
490 --- --- 35 --- --- --- --- --- --- --- --- --- --- --- --- --- 63 --- 55 55 
 
500 1300 --- --- 700 130 1220 70 2600 160 3500 350 3750 200 4900 1000 --- --- --- --- --- 
 
515 0 --- 47 505 200 --- 90 2735 250 3600 400 3800 180 4990 1000 --- --- --- --- --- 
 
540 --- 59 --- --- --- 1800 --- --- --- --- --- --- --- --- --- --- --- --- --- --- 
 
630 0 0 47 505 200 1800 90 2735 250 3600 400 3800 180 4990 1000 0 63 0 55 55 
                      
Stimulus 3 TIME F0 AV AF F1 B1 F2 B2 F3 B3 F4 B4 F5 B5 F6 B6 A2F A3F A4F A5F A6F 
/s/-F2 0 1240 45 0 700 130 1220 70 2600 160 3500 350 3750 200 4900 1000 0 0 0 0 0 
/ʃ/-SP 40 --- 59 --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- 
 
489 --- --- 0 --- --- --- --- --- --- --- --- --- --- --- --- --- 0 --- 0 0 
 
490 --- --- 35 --- --- --- --- --- --- --- --- --- --- --- --- --- 61 --- 55 55 
 
500 1300 --- --- 700 130 1220 70 2600 160 3500 350 3750 200 4900 1000 --- --- --- --- --- 
 
515 0 --- 47 505 200 --- 90 2735 250 3600 400 3800 180 4990 1000 --- --- --- --- --- 
 
540 --- 59 --- --- --- 1200 --- --- --- --- --- --- --- --- --- --- --- --- --- --- 
 
630 0 0 47 505 200 1200 90 2735 250 3600 400 3800 180 4990 1000 0 61 0 55 55 
 
Stimulus 4 TIME F0 AV AF F1 B1 F2 B2 F3 B3 F4 B4 F5 B5 F6 B6 A2F A3F A4F A5F A6F 
/ʃ/-F2 0 1240 45 0 700 130 1220 70 2600 160 3500 350 3750 200 4900 1000 0 0 0 0 0 
/s/-SP 40 --- 59 --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- 
 
489 --- --- 0 --- --- --- --- --- --- --- --- --- --- --- --- --- 0 --- 0 0 
 
490 --- --- 35 --- --- --- --- --- --- --- --- --- --- --- --- --- 40 --- 55 55 
 
500 1300 --- --- 700 130 1220 70 2600 160 3500 350 3750 200 4900 1000 --- --- --- --- --- 
 
515 0 --- 47 505 200 --- 90 2735 250 3600 400 3800 180 4990 1000 --- --- --- --- --- 
 
540 --- 59 --- --- --- 1800 --- --- --- --- --- --- --- --- --- --- --- --- --- --- 
 
630 0 0 47 505 200 1800 90 2735 250 3600 400 3800 180 4990 1000 0 40 0 55 55 
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Stimulus 5 TIME F0 AV AF F1 B1 F2 B2 F3 B3 F4 B4 F5 B5 F6 B6 A2F A3F A4F A5F A6F 
/s/-SP 0 1240 45 0 700 130 1220 70 2600 160 3500 350 3750 200 4900 1000 0 0 0 0 0 
Neutral F2  40 --- 59 --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- 
 
489 --- --- 0 --- --- --- --- --- --- --- --- --- --- --- --- --- 0 --- 0 0 
 
490 --- --- 35 --- --- --- --- --- --- --- --- --- --- --- --- --- 40 --- 55 55 
 
500 1300 --- --- 700 130 1220 70 2600 160 3500 350 3750 200 4900 1000 --- --- --- --- --- 
 
515 0 --- 47 505 200 --- 90 2735 250 3600 400 3800 180 4990 1000 --- --- --- --- --- 
 
540 --- 59 --- --- --- 1500 --- --- --- --- --- --- --- --- --- --- --- --- --- --- 
 
630 0 0 47 505 200 1500 90 2735 250 3600 400 3800 180 4990 1000 0 40 0 55 55 
                      
Stimulus 6 TIME F0 AV AF F1 B1 F2 B2 F3 B3 F4 B4 F5 B5 F6 B6 A2F A3F A4F A5F A6F 
/ʃ/-SP 0 1240 45 0 700 130 1220 70 2600 160 3500 350 3750 200 4900 1000 0 0 0 0 0 
Neutral F2 40 --- 59 --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- 
 
489 --- --- 0 --- --- --- --- --- --- --- --- --- --- --- --- --- 0 --- 0 0 
 
490 --- --- 35 --- --- --- --- --- --- --- --- --- --- --- --- --- 61 --- 55 55 
 
500 1300 --- --- 700 130 1220 70 2600 160 3500 350 3750 200 4900 1000 --- --- --- --- --- 
 
515 0 --- 47 505 200 --- 90 2735 250 3600 400 3800 180 4990 1000 --- --- --- --- --- 
 
540 --- 59 --- --- --- 1500 --- --- --- --- --- --- --- --- --- --- --- --- --- --- 
 
630 0 0 47 505 200 1500 90 2735 250 3600 400 3800 180 4990 1000 0 61 0 55 55 
                      
Stimulus 7 TIME F0 AV AF F1 B1 F2 B2 F3 B3 F4 B4 F5 B5 F6 B6 A2F A3F A4F A5F A6F 
Neutral SP 0 1240 45 0 700 130 1220 70 2600 160 3500 350 3750 200 4900 1000 0 0 0 0 0 
/s/-F2 40 --- 59 --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- 
 
489 --- --- 0 --- --- --- --- --- --- --- --- --- --- --- --- --- 0 --- 0 0 
 
490 --- --- 35 --- --- --- --- --- --- --- --- --- --- --- --- --- 50 --- 55 55 
 
500 1300 --- --- 700 130 1220 70 2600 160 3500 350 3750 200 4900 1000 --- --- --- --- --- 
 
515 0 --- 47 505 200 --- 90 2735 250 3600 400 3800 180 4990 1000 --- --- --- --- --- 
 
540 --- 59 --- --- --- 1200 --- --- --- --- --- --- --- --- --- --- --- --- --- --- 
 
630 0 0 47 505 200 1200 90 2735 250 3600 400 3800 180 4990 1000 0 50 0 55 55 
                      
Stimulus 8 TIME F0 AV AF F1 B1 F2 B2 F3 B3 F4 B4 F5 B5 F6 B6 A2F A3F A4F A5F A6F 
Neutral SP 0 1240 45 0 700 130 1220 70 2600 160 3500 350 3750 200 4900 1000 0 0 0 0 0 
/ʃ/-F2 40 --- 59 --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- 
 
489 --- --- 0 --- --- --- --- --- --- --- --- --- --- --- --- --- 0 --- 0 0 
 
490 --- --- 35 --- --- --- --- --- --- --- --- --- --- --- --- --- 50 --- 55 55 
 
500 1300 --- --- 700 130 1220 70 2600 160 3500 350 3750 200 4900 1000 --- --- --- --- --- 
 
515 0 --- 47 505 200 --- 90 2735 250 3600 400 3800 180 4990 1000 --- --- --- --- --- 
 
540 --- 59 --- --- --- 1800 --- --- --- --- --- --- --- --- --- --- --- --- --- --- 
 
630 0 0 47 505 200 1800 90 2735 250 3600 400 3800 180 4990 1000 0 50 0 55 55 
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